A novel strategy for directional overcurrent relays (DOCRs) coordination is proposed. In the proposed method, the objective function is improved during the optimization process and objective function coefficients are changed in optimization problem. The proposed objective function is more flexible than the old objective functions because various coefficients of objective function are set by optimization algorithm. The optimization problem is solved using hybrid genetic algorithm and particle swarm optimization algorithm (HGAPSOA). This method is applied to 6-bus and 30-bus sample networks.
Introduction
Protection of distribution networks is one of the most important issues in power systems. Overcurrent relay is one of the most commonly used protective relays in these systems. There are two types of settings for these kinds of relays: current and time settings. A proper relay setting plays a crucial role in reducing undesired effects of faults on the power systems [1, 2] . Overcurrent relays commonly have plug setting (PS) ranging from 50 to 200% in steps of 25%. The PS shows the current setting of the overcurrent relays. For a relay installed on a line, PS is defined by two parameters: the minimum fault current and the maximum load current. However, the most important variable in the optimal coordination of overcurrent relays is the time multiplier setting (TMS) [3] .
So far, some researches have been carried out on coordination of overcurrent relays [3] [4] [5] [6] [7] . Due to the difficulty of nonlinear optimal programming techniques, the usual optimal coordination of overcurrent relays is generally carried out by linear programming techniques, including simplex, twophase simplex, and dual simplex methods [3] . In these methods, the discrimination time of the main and backup relays (Δ mb ) are considered as constraints and then the optimal coordination problem is solved using both objective function and constraints. In [8] , a fast method for optimization of the TMSs and current settings by evolutionary algorithm and linear programming has been proposed. In [4] , an online technique to estimate the setting of DOCRs is introduced. This technique is based on estimation of parameters of a proper equivalent circuit of the grid. Relay coordination which is very constrained discrete optimization problem is hardly solved by traditional optimization techniques [5] . In [9] , the pickup current and the TMS of the relays have been considered the optimization parameters for optimal coordination of directional overcurrent relays. These optimization techniques are started by an initial conjecture and are possibly trapped in a local optimum [3] . The intelligent optimization techniques have come up in such a way that can adjust the settings of the relays without the mentioned problems. In these methods, the constraints are considered a part of objective function. In [6] , a developed method based on genetic algorithm (GA) for optimal coordination has been proposed; this method has not considered the main principle of the coordination. So there may be some miscoordination in the settings of the relays. As a result of the miscoordination, when a fault occurs in front of the main relays, some backup relays may operate faster than the main one. This causes more lines of network to go out due to the occurring faults in some 2 ISRN Power Engineering parts of the network. Obviously, in this case, the number of interrupted customers increases and consequently the power quality declines.
In [10] , continuous genetic algorithm has been used in a ring fed distribution system for optimal coordination of overcurrent relays. In [11] , an objective function has been proposed in which the problem of miscoordination has almost been solved. The objective function of [11] can prevent the appearance of inappropriate results which make miscoordination. Suitable parameter initializing has been considered in the objective function of the paper that weights both the time and the delay time of the backup relays. The main shortcoming of the objective function of [11] is that some of the coefficients of objective function are set by try and error. It is proved by experience that using such coefficients cannot guarantee accessing to the smallest operation time of the relays. In some cases, using inappropriate parameters in objective function may result in some miscoordination.
In this paper, a new method for directional overcurrent relay coordination is proposed in which not only the miscoordination is omitted but also operation times of the relays are the smallest. This is because, in this novel algorithm, the coefficients of the previous proposed objective function are considered a part of the optimization problem. So the coefficients of the objective function are not constant and they are not set by try and error. In the proposed method, the coefficients are calculated based on the optimization technique. The optimization problem of this paper is solved using a hybrid genetic and particle swarm optimization algorithm. This method is applied to 6-bus and 30-bus sample networks. The results of this method are compared with the results of the existing ones. The simulation results and the comparisons demonstrate the effectiveness and the advantage of the proposed algorithm.
Hybrid GA and PSO (HGAPSO) in Relay Coordination Application
By incorporating the GA into the PSO, the novel HGAPSO algorithm is obtained [12] . The HGAPSOA can provide better results [13] . In this algorithm, the initial population of GA is assigned by the solution of PSO. The total numbers of the iterations are equivalently shared by GA and PSO. First half of the iterations are carried out by PSO and the solutions are given as initial population of GA [14] . In this section, we briefly discuss the application of HGAPSOA in overcurrent relay coordination. According to Figure 1 , at first, the user initializes the information such as algorithm parameters (population size, iteration numbers, mutation, and crossover range), relay data, and network data. The HGAPSOA basics in coordination of the DOCRs are described in 4 steps.
Step 1: Initial Generation. A number of random particles are produced. The variables of HGAPSOA are the TMSs of the DOCRs and the coefficients of the objective function. In our problem, the number of the variables is equal to the number of the relays and the number of the objective function coefficients. The TMSs are randomly generated between 0.05 and 1.
Step 2: Evaluate the Objective Function. In this step, the value of the objective function is calculated for every gene and discerns between good and bad chromosomes.
Step 3: PSO Operators. In PSO box, update the local best position experienced by every particle denoted as best and update the best position experienced by whole particles denoted as best .
Step 4: GA Operators. The best particles are selected as the initial population of GA. In this step, the objective function evaluation is compared with its initial best chromosome (minimum value in the TMS vector). If the evaluated value is less than the initial best chromosome, set the best chromosome equal to the evaluated value. Then, update the position of the genes by using crossover and mutation operators. Finally, if any of the following stopping criteria (in this study maximum number of iterations), then go to the following module. This module is used to transfer the optimal relay TMSs calculated from HGAPSOA through the interface system to each relay.
Problem Statement
To prevent overcurrent relays miscoordination and to find the optimum results of the objective function of [11] , the novel objective function is formulated as follows:
where 1 , 2 , and are weighting coefficients;
and are even numbers; is the operating time of th overcurrent relay when a fault occurs next to the relay; Δ mb is the discrimination time between the main and backup overcurrent relays. Δ mb is obtained by
where b and m are the operating time of the backup and main relays when a fault occurs next to the main relay. The value of coordination time interval (CTI) is mainly chosen based on the practical limitations, which consist of the relay overtravel time, the breaker operating time, and the safety margin for the relay error [15] . Generally, the suitable CTI is selected between 0.2 and 0.5 second. In this study, CTI is considered to be 0.3 seconds. According to the proposed objective function of [11] , the weighting coefficients ( , 1 , 2 ) are set by try and error and also the coefficients of ( , ) are constant and cannot guarantee accessing to the smallest operation time of the relays. The first term of (1) is the sum of overcurrent relays' operating time and the second term is the coordination constraint. To describe the role of the second term of the above object function, consider that Δ mb must be positive; then the relative expression (Δ mb − ⋅(Δ mb −|Δ mb |) is equal to Δ mb . Exactly the mentioned equation, if Δ mb is negative is, as follows: If the coefficient is a large number, the value of (3) is greater than the Δ mb , and the object function results in a large value and is not selected for the next iterations in the optimization algorithm. Consequently, the output results contain no miscoordination.
New Method
In this paper, the five coefficients of (1), that is, , 1 , 2 , , and , beside TMSs, are incorporated as a part of the optimization parameters. The new objective function is shown in (1) .
To understand the importance of these coefficients the following notes are helpful.
(i) To assure minimizing the main relay operating time, a great value must be assigned to 1 and .
(ii) To assure minimizing the backup relay operation time, a great value must be assigned to 2 and .
(iii) To prevent miscoordination and have faster and more accurate convergence, choose a large value for and .
According to the above notes, it is obvious that determining these five coefficients as well as the TMS of the relays with an optimization algorithm will result in a better relay coordination. Therefore, the method presented in this paper optimizes the objective function coefficients as well as the TMSs of the relays to have a tradeoff between the fast operating time and preventing miscoordination. The algorithm applied to the relays coordination optimization problem for the proposed technique is provided in Figure 1 . In the first step of the algorithm, the initial values are randomly guessed. The initial values consist of both relay's TMS and the coefficients of the objective function. The relay settings are packed into a packet; each packet is a probable result for the optimization problem; and therefore each member of a packet represents a TMS of a relay. In addition, there are five extra coefficients that should be optimized which belong to the objective function ( 1 , 2 , , , and ). In the second step, the packet is evaluated by the objective function of (1). The objective function determines the value of each packet by receiving the TMS of all relays. After evaluation process, the best packet is chosen from the least objective function output point of view. In the next step, finishing criteria of algorithm are checked to be the limited iterations and yield a 4 ISRN Power Engineering prespecified fitness value. If one of them is satisfied, then the algorithm terminates and goes to the next stage; otherwise it returns to the second step and starts the next iteration.
Mathematical Overcurrent Relay Models
There are many mathematical models for the overcurrent relays. In this study, the mathematical model of overcurrent relays is considered to be the standard inverse type. In this mathematical model, the operating time of the overcurrent relay is expressed as follows [16] :
where 0 is relay current setting; sc is short-circuit current; is the relay operating time; and TMS is the time multiplier setting of the relay. TMS varies from 0.05 to 1. From the IEC curves, for standard inverse type relays, the parameters of (4) are assumed to be = 0, = 0.14, and = 0.02.
Comparison of the Results and Discussion
As described in Section 4, the values of the five coefficients are variable; so the output value of the objective function will not be an appropriate criterion for comparing results of the proposed algorithm in [11] . Therefore, in order to gain this aim, two indicators are defined as follows.
(i) Summation of TMSs. If, in a set of results of relay coordination, there is not any miscoordination between each two relays, it can be said that the better coordination has smaller summation of TMSs and, therewith, relays have lower operating times.
(ii) Summation of Difference between Each Time Operation (∑ Δ m,b ). For comparing two sets of the coordination results, for example, result and result , which do not have any miscoordination, if value of (5) is true, then the set of result is better than . Consider
In (5), the number of pairs of main/backup (m, b) relays is equal to . In this paper, the proposed method is applied to two different networks, namely, case study 1 and case study 2 (case study 1 consists of 6 buses and case study 2 is the IEEE 30-bus system) which are selected.
Case Study 1: Network and Protection Information.
Case study 1 is 6-bus network shown in Figure 2 . This network consists of 7 lines, 6 buses, 2 generators, 2 transformers, and 14 overcurrent relays [17] .
All the information about this network including shortcircuit current of backup and main relays and relevant information relative to main/backup relays have been provided in [11] and also are shown in Table 1 . Table 2 shows the maximum load current passing through the relays. The way of the relay current settings is described as follows [11] : All control parameters of algorithm are listed in Table 3 . The number of the variables in optimization problem is 19. Fourteen of the variables are related to the TMS of the relays and the remaining five variables are the coefficients of the objective function, that is, , 1 , 2 , , .
The results of the proposed method by GAPSO algorithm and the best results of [11] are compared in Table 4 . The best results of [11] are shown in the second column of Table 4 . The third column of Table 4 represents feasible results for coordination of the relays using the proposed method. From Table  4 , all Δ mb values are small and positive and the largest Δ mb is 0.511 sec. The results mean there is not any miscoordination in the results. Table 4 shows two superiority indicators, that is, ∑ TMS and ∑ Δ mb , optimized using the proposed algorithm. The first superiority indicator (∑ ) for the results of [11] is 2.75 and for the proposed method is 1.741; and the second superiority indicator (∑ Δ mb ) for the results of [11] is 6.699 sec and for the proposed method is 1.55 sec. The superiority indicators show that the results would be more optimized when the coefficients are optimized by the proposed algorithm. The advantage of this method is revealed when this new method is compared with the result of [11] in which the parameters are set manually in Table 4 .
With attend to Table 4 , more relays operating time that are earn from proposed method, are smaller than [11] . For example, 2 in the proposed method is 0.66 seconds and in [11] is 1.2173 seconds or 12 in proposed method is 0.82 seconds and in [11] is 1.1847 sec. Also, the values of the five parameters of objective function are shown in Table 5 .
Case Study 2: Network and Protection Information.
For the other test case, 30-bus IEEE network is considered. This network has 86 OC relays. It consists of 30 buses (132-and 33-kV buses), 37 lines, 6 generators, 4 transformers, and 86 OC relays [18] . The distribution section of network that will be studied here is shown in Figure 3 [19] . The generator, transmission lines, and transformer information are given from [20] . In this paper, four different cases are simulated for a suitable comparison. Three cases are simulated according to the method of [11] in which the objective function coefficients are set manually, and the last case is simulated according to the method proposed in this paper, in which the objective function coefficients are not set before simulation and the optimization results show the values of the coefficients. All cases are evaluated by HGAPSO algorithm and all control parameters of algorithm are listed in Table 6 . The parameters are considered the same as 4 test cases. A number of variables in new method are considered 91, 86 variables for relays number and 5 variables for ( , 1 , 2 , , ) and for method proposed in [11] are considered 86.
Firstly, the results of the proposed method by GAPSOA are shown in Tables 7 and 8 . The first column of Table 7 8 ISRN Power Engineering operating time of the downstream protective relays would not be affected [21] . In current grading, the pickup current was chosen by considering the maximum possible load current due to normal overloading or contingency conditions. The loads of the buses 11 and 26 are the static types and there is no need to install overcurrent relays on these buses. So TMSs of relays 57 and 79 that are connected to these buses are considered to be 0.05 [22] and other TMSs were calculated. In Table 9 , the results of the simulations for the four cases are illustrated. In this table, the first row shows the four different cases; and the second and the third rows show the results of the first index (∑ Δ ) and the second index (∑ TMS) for these cases. The three first cases are related to the method of [11] , where in these cases the coefficients of the objective function are set before optimization process. The values of the coefficients are shown in the first column of the table. The last case shows the results of the proposed method. The values of Δ in all cases are positive and have not any miscoordination.
The advantage of the proposed method is revealed when the results of the proposed method (Case 4) are compared with the best results of the traditional method of [11] . According to Table 9 , the best ∑ TMS and ∑ Δ of method [11] (between three cases: 1 and 2 and 3) are 14.55 and 24.115, respectively, whereas ∑ TMS and ∑ Δt of the proposed method are 11.32 and 22.19, respectively. This means that the results of Case 4, related to the new proposed method, show the best coordination. So, considering the coefficients of objective function as a part of the optimization problem, results are better compared with conventional method according to the results of Tables 4 and 9.
Conclusion
In this paper, a new flexible technique for overcurrent relays coordination has been proposed. In this new technique, the coefficients of the conventional objective functions have been improved by optimization problem to obtain the minimum values for the TMSs of the relays. In the proposed technique, GAPSOA optimization method is used to solve the optimization problem. This proposed method is tested on 6-bus case study and 30-bus IEEE case study. The results of the simulation show the flexibility of the technique and the best reliability because of the smallest ∑ TMS and ∑ Δ mb compared to the conventional coordination methods.
